Background: Chemotherapy for malignant neoplasms sometimes induces unconjugated hyperbilirubinemia, resulting in the early cessation of treatment. We evaluated the role of variations in the bilirubin uridine-5-diphosphate (UDP)-glucuronosyltransferase gene (UGT1A1) in unconjugated hyperbilirubinemia development during chemotherapy in pediatric patients with leukemia. Methods: UGT1A1 allelic variations were evaluated in 25 Japanese pediatric leukemia patients with hyperbilirubinemia (peak serum bilirubin concentration 3.57 ± 1.02 mg/dl) and 25 control patients without hyperbilirubinemia (0.92 ± 0.32 mg/dl) by PCR-direct sequencing. results: In the hyperbilirubinemic group, 22 of 25 patients showed biallelic variations of UGT1A1. Nine (36%) patients were homozygous for UGT1A1*6 and eight (32%) were compound heterozygous for UGT1A1*6 and UGT1A1*28. Three (12%) patients were homozygous for UGT1A1*28. There were no biallelic variations in UGT1A1 in the non-hyperbilirubinemic group. The allelic frequencies of UGT1A1*6 in the hyperbilirubinemic group (0.58) was significantly higher than those of the non-hyperbilirubinemic group (0.1) (χ 2 = 25.7, P < 0.05). conclusion: The high frequency of biallelic variations of UGT1A1 in the hyperbilirubinemic group suggests an association with Gilbert syndrome. Therefore, it is not necessary to cease chemotherapy in patients with these mutations who develop unconjugated hyperbilirubinemia without associated liver dysfunction.
c hemotherapy for malignant neoplasms sometime induces unconjugated hyperbilirubinemia without liver dysfunction, particularly in patients with leukemia. This hyperbilirubinemia is usually mild and transient, and is thought to result from chemotherapy-induced liver damage. In certain cases, according to the therapy protocol, chemotherapy must be suspended when such hyperbilirubinemia presents. Delayed chemotherapy poses a risk for patients in achieving or maintaining remission of the leukemia (1) . We previously reported an association between chemotherapy-induced unconjugated hyperbilirubinemia and mutations of a bilirubin uridine-5-diphosphate (UDP)-glucuronosyltransferase gene: UDP-glucuronosyltransferase family 1, polypeptide A1 (UGT1A1) (2) . Bilirubin is selectively catalyzed by UGT1A1 (EC 2.4.1.17). Accordingly, mutations and polymorphisms of UGT1A1 cause hereditary forms of unconjugated hyperbilirubinemia, including Crigler-Najjar syndrome type I (MIM #218800) and type II (MIM #606785), and Gilbert syndrome (MIM #143500). In particular, the mild hyperbilirubinemia occurring during chemotherapy has been associated with polymorphisms of UGT1A1 that cause Gilbert syndrome (3).
Gilbert syndrome is a form of mild hereditary unconjugated hyperbilirubinemia without liver dysfunction or hemolytic anemia (4) , and is caused by biallelic variations of UGT1A1. Gilbert syndrome is one of the most prevalent congenital metabolic disorders with a prevalence of 3-8.6% of the population (5, 6) . UGT1A1 consists of five exons, a TATA box, and a phenobarbital responsive enhancer module (gtPBREM) (7, 8) . The wild type of the TATA box has six repeats of TA, and is conventionally written as A(TA)6TAA (c.-53TA [7] ). The gtPBREM is an important enhancer module of UGT1A1, comprising a region of 290 bp located approximately 3.5 kb upstream of the coding region, and works in the presence of nuclear receptors such as constitutive active receptor (8) . There are two common polymorphic variations of UGT1A1: a TA-insertion mutation in the TATA box [A(TA)7TAA] with c.-3279T>G in the gtPBREM [c.-3279T>G;A(TA)7TAA] (UGT1A1*28) and c.211G>A (p.G71R) in exon 1 (UGT1A1*6) (5-8); A(TA)7TAA can also be indicated as c.-53TA [8] according to the Human Genome Variation Society nomenclature. We revealed that A(TA)7TAA is usually linked with c.-3279T>G in the gtPBREM [c.-3279T>G;A(TA)7TAA], and this allele (UGT1A1*28) has been proposed to be essential in causing Gilbert syndrome (9) . UGT1A1*28 is found in all ethnic groups, and its frequency is 0.36-0.40 in Caucasians, 0.35-0.43 in Africans, and 0.15 in the Japanese population (10) (11) (12) . This allele reduces the transcriptional activity of UGT1A1 to 30-69% of the wild-type enhancer-promoter (10, 13) . Consequently, UGT1A1*28 is considered to be the main cause of Gilbert syndrome. UGT1A1*6 (p.G71R) is another important polymorphism observed in the East Asian population
The genotype distributions of all patients are shown in Table 1 . In the hyperbilirubinemia group, nine patients were homozygous for UGT1A1*6 (36%), eight patients were compound heterozygous for UGT1A1*6 and UGT1A1*28 (32%), and three patients were homozygous for UGT1A1*28 (12%). One patient was compound heterozygous for UGT1A1*6 and UGT1A1*7 (c.1456T>G, p.Y486D), and one was compound heterozygous for UGT1A1*6 and UGT1A1*25 (c.840C>A, p.C280X). Two patients were respectively heterozygous for UGT1A1*6 and UGT1A1*28. Overall, 22 of the 25 patients had biallelic variations (88%). The allelic frequencies of UGT1A1*6 and UGT1A1*28 were 0.58 and 0.30, respectively.
Genotype analysis of infants in the control group showed eight patients with the wild-type allele (homozygous UGT1A1*1) (32%), seven patients heterozygous for UGT1A1*60 (c.-3279T>G) (28%), four patients heterozygous for UGT1A1*28 (16%), three patients heterozygous for UGT1A1*6 (12%), two patients compound heterozygous for UGT1A1*6 and UGT1A1*60 (8%), and one patient homozygous for UGT1A1*60 (4%). None of these patients showed homozygous or compound heterozygous UGT1A1*6 and UGT1A1*28 genotypes. The allelic frequencies of UGT1A1*6 and UGT1A1*28 in the control group were 0.1 and 0.08, respectively. The allelic frequencies of UGT1A1*6 in the hyperbilirubinemic group (0.58) was significantly higher (χ 2 = 25.7; P < 0.05) than those of the non-hyperbilirubinemic group. The allelic frequencies of UGT1A1*28 was higher than the nonhyperbilirubinemic group, however is not significantly different (χ 2 = 7.86; P = 0.05).
Characteristics of Patients With and Without Hyperbilirubinemia
As shown in 
DISCUSSION
Chemotherapy-induced unconjugated hyperbilirubinemia is recognized as an adverse event (AE) caused by anti-neoplasm agents, which results in suspension of the chemotherapy. We have observed some patients with chemotherapy-induced hyperbilirubinemia but without liver dysfunction. Our preliminary report demonstrated an association between such patients and UGT1A1 genotypes, indicating that UGT1A1 polymorphism is a risk for elevation of serum bilirubin concentration during cancer chemotherapy (20) . We propose that if this hyperbilirubinemia is caused by the UGT1A1 variant, then it is not necessary to suspend the chemotherapy for convalescence. In the present study, we found that most of the patients in the hyperbilirubinemic group (22 of 25) harbored biallelic variants of UGT1A1. The most dominant genotype (observed in nine patients) was homozygous UGT1A1*6, which results from a transition of nucleotide c.211G>A, leading to the replacement of glycine to arginine at codon 71 (p.G71R) and reduced glucuronidation activity toward bilirubin. UGT1A1*6 is an important polymorphism as a cause of Gilbert syndrome and breast milk jaundice, and is also a risk factor for neonatal hyperbilirubinemia in the early neonatal period (14, 17) . The allelic frequency of UGT1A1*6 is 0.16 in the Japanese population. The other prevalent genotype (observed in eight patients) was compound heterozygous for UGT1A1*6 and UGT1A1*28. UGT1A1*28 is another important polymorphism that causes Gilbert syndrome, and is broadly observed worldwide (10, 11) . The allelic frequency of UGT1A1*28 in the Japanese population is 0.15. Three patients were homozygous for UGT1A1*28, which reduces the transcriptional activity of UGT1A1 by 30-80% of the wild-type promoter-enhancer. The remaining two Comparison of serum total bilirubin between the control group and hyperbilirubinemia group. In the hyperbilirubinemia group, the patients' peak serum bilirubin concentration ranged from 2.30 to 6.30 mg/ dl (mean 3.57 ± 1.02 mg/dl). In the control group, the peak serum bilirubin concentration ranged from 0.40 to 1.52 mg/dl (mean 0.92 ± 0.32 mg/dl).
The t-test showed a significant difference in serum total bilirubin concentration between the two groups (*P < 0.05). 14.6 ± 8.8
aLL, acute lymphoblastic leukemia; aLT, alanine aminotransferase; aML, acute myeloid leukemia; aST, aspartate aminotransferase; LDh, lactate dehydrogenase.
Articles patients were compound heterozygous for the disease-causing variants UGT1A1*6/UGT1A1*7 and UGT1A1*6/UGT1A1*25, respectively. UGT1A1*25 encodes p.C280X, and the homozygous form of p.C280X is the endemic mutation causing Crigler-Najjar syndrome type 1 in the Japanese population (21) . Therefore, these results indicate that most of the cases of hyperbilirubinemia in this sample were cases of Gilbert syndrome. None of the patients in the non-hyperbilirubinemic group showed biallelic disease-causing variants of UGT1A1. One patient was compound heterozygous for UGT1A1*6 and UGT1A1*60 and two patients were homozygous for UGT1A1*60, a polymorphism in gtPBREM (c.-3279T>G). The allelic frequencies of UGT1A1*60 are very high in every population examined to date: 0.26 in the Japanese population, 0.47 in Caucasians, and 0.85 in African-Americans (3). This polymorphism is not considered to be a cause of Gilbert syndrome and might be a modifier of the serum bilirubin level (22) . Linkage of c.-3279T>G in gtPBREM and A(TA)7TAA in the TATA box (UGT1A1*28) is essential to generate Gilbert syndrome (9, 22) . None of the patients in the non-hyperbilirubinemic group had Gilbert syndrome. These results suggest that chemotherapy-induced unconjugated hyperbilirubinemia without liver dysfunction is associated with Gilbert syndrome. Therefore, patients with biallelic UGT1A1 variants that are treated with chemotherapeutic agents might experience unconjugated hyperbilirubinemia as a symptom of Gilbert syndrome. The mechanism of the development of unconjugated hyperbilirubinemia is as follows. During cancer chemotherapy, chemotherapeutic agents usually cause emesis and loss of appetite, and patients enter a low caloric state. Fasting is known as one of the most important factors to induce hyperbilirubinemia in patients with Gilbert syndrome (23) . Chemotherapeutic agents (such as 6-mercaptopurine, vincristine, mitoxantrone hydrochloride, and pirarubicin hydrochloride) may also induce hyperbilirubinemia, as do agents that inhibit DNA and RNA synthesis (24-26) and thus reduce the amount of bilirubin UDP-glucuronoyltransferase synthesized in hepatocytes. Patients with biallelic UGT1A1 variations produce a less efficient form of the enzyme, and they may show a transient elevation of the serum unconjugated bilirubin level. The simultaneous occurrence of these two factors during cancer chemotherapy might induce transient unconjugated hyperbilirubinemia in patients with Gilbert syndrome.
In the hyperbilirubinemic group, the CTCAE grade was significantly higher than that in the non-hyperbilirubinemic group. According to the Japanese Pediatric Leukemia/ Lymphoma Study Group protocol, cancer chemotherapy should be cancelled or delayed in the hyperbilirubinemic group to avoid lethal AEs. However, delayed chemotherapy increases the risk for relapse and insufficient induction of leukemia (1) .
On the other hand, if leukemic patients with biallelic variation of UGT1A1 develop hyperbilirubinemia during cancer chemotherapy without liver dysfunction, this hyperbilirubinemia is not due to any AE associated with the chemotherapeutic agents but is rather due to Gilbert syndrome. Therefore, therapy should not be cancelled or suspended, and an appropriate therapy schedule can be maintained. Recently, Berrueco et al. (27) revealed that pediatric acute lymphoblastic leukemia (ALL) patients homozygous for the UGT1A1*28 allele tended to develop transient hyperbilirubinemia during cancer chemotherapy. They concluded that Gilbert syndrome should be taken into account when bilirubin levels increase without signs of hepatitis or hemolysis. An early diagnosis would avoid unnecessary changes in chemotherapy treatment. In our study, we did not evaluate thyroid function, haptoglobin levels, or cold agglutinin levels, and did not perform the direct antiglobulin test. Therefore, we could not completely rule out the involvement of hypothyroidism and autoimmune hemolytic anemia. However the result of our study supports their conclusion and UGT1A1*6, which is another important variant in East Asia, also likely plays a role in the development of chemotherapyinduced hyperbilirubinemia.
Gilbert syndrome is one of the most prevalent congenital metabolic disorders. In leukemic patients, the prevalence of Gilbert syndrome is estimated at 3-8.6% of the population. Therefore, before evaluation of AE due to anti-cancer agents using the CTCAE system, it is necessary to conduct a genetic analysis of UGT1A1 for patients with chemotherapy-induced hyperbilirubinemia.
Conclusion
Chemotherapy-induced unconjugated hyperbilirubinemia is a symptom of Gilbert syndrome. It is not necessary to cancel chemotherapy if biallelic UGT1A1 variants are confirmed in patients that develop unconjugated hyperbilirubinemia without liver dysfunction, since the symptom is due to Gilbert syndrome and does not indicate an AE of the chemotherapeutic agent.
METHODS

Patients
The characteristics of included patients are shown in Table 2 . A total of 25 pediatric patients (13 males and 12 females, aged 3-16 y, median 7.52 y) with acute leukemia (24 with ALL and 1 with acute myeloid leukemia) who showed transient unconjugated hyperbilirubinemia (>2.0 mg/dl) during cancer chemotherapy without liver dysfunction and hemolytic anemia were included in the study. There were no patient that suspected hypothyroidism by the clinical condition and the family history.
After chemotherapy was complete, the serum bilirubin concentrations of these patients improved by less than 1 mg/dl. The control group comprised 25 patients (aged 1-17 y; median, 5.84 y) with leukemia (20 with ALL and 5 with acute myeloid leukemia) who did not show unconjugated hyperbilirubinemia during cancer chemotherapy. The peak serum total bilirubin concentration was less than 2.0 mg/dl in the control group. This study was approved by the ethics committee of Shiga University of Medical Science.
Evaluation of AEs
AEs of the patients, including hyperbilirubinemia and transaminase levels, were evaluated using the CTCAE system (version 4.0), which is maintained by the US National Cancer Institute (28) , and is widely used in oncology clinical practice to document the adverse effects of cancer treatment. The CTCAE grade reflects the severity of an AE on a scale of 1 to 5 with unique clinical descriptions based on this general guideline (where Grade 1 is mild and Grade 5 is lethal). The grading of hyperbilirubinemia is determined by the total serum bilirubin level, according to the upper limit of normal (ULN) value standardized for age (29) . 
Sequence Analysis of UGT1A1
For sequence analysis of UGT1A1 variations, genomic DNA was isolated from the leukocytes of patients, after obtaining informed consent from the patients and parents. We amplified the exons, promoter region, and gtPBREM of UGT1A1 from genomic DNA using PCR (18). In brief, approximately 100 ng of total genomic DNA was amplified with pairs of oligonucleotide primers. Exons 2, 3, and 4 and their intervening introns were simultaneously amplified as a single DNA fragment using the primer pair 5′-CTCTATCTCAAACACGCATGCC-3′/ 5′-TTTTATCATGAATGCCATGACC-3′. The 50 region of UGT1A1, including the TATA box to exon 1, exon 5, and gtPBREM, was amplified separately with the primer pairs 5′-AAGTGAACTCCCTGCTACCTT-3′/5′-GCTTGCTCAGCATATATCTGGG-3′ (the promoter region to exon 1); 5′-GAGGATTGTTCATACCACAGG-3′/5′-GCACTCTGG GGCTGATTAAT-3′ (exon 5); and 5′-CTGGGGATAAACATGGG ATG-3′/5′-CACCACCACTTCTGGAACCT-3′ (gtPBREM), respectively. The conditions for PCR were as follows: initial denaturation for 2 min at 94 °C, followed by 1 min at 94 °C, 1 min at 60 °C, and 2 min at 72 °C for 30 cycles with a Minicycler (MJ Research, Watertown, MA). A final extension for 10 min at 72 °C was performed to ensure complete extension of PCR products. The sequences of the amplified DNA fragments were determined directly using the following sequencing primers: gtPBREM, 5′-TGAGTTTATATAACCTC-3′; TATA box and exon 1, 5′-CTATTTCATGTCCCCTCTGC-3′, 5′-GT CTTTTGTTAGTCTCGGGC-3′, 5′-TTGTTGTGCAGTAAGTGGG A-3′, 5′-CCATTCTCCTACGTGCCCAG-3′, and 5′-AAGGGTTGC ATACGGGGAATA-3′; exon 2, 5′-GGAAGCTGGAAGTCTGGG-3′; exon 3, 5′-CTAGTTAGTATAGCAGAT-3′; exon 4: 5′-CAGCTGTG AAACTCAGAG-3; exon 5, 5′-TGCTGACAGTGGCCTTCATC-3′, and 5′-GG TAGCCATAAGCACAACAT-3′. The sequences of the amplified DNA fragments were determined directly using a BigDye Terminator v1.1 Cycle Sequencing Kit and Genetic Analyzer ABI Prism 3130xl (Applied Biosystems, Carlsbad, CA).
Statistical Analysis
The peak serum bilirubin concentration, and transaminase levels were statistically compared between the hyperbilirubinemic group and the control group using the t-test; χ 2 analysis was conducted on the raw frequencies with IBM SPSS (version 22.0; IBM Corporation, Armonk, NY) and JMP9 (SAS Institute, Cary, NC).
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